In the field of heart regeneration, the proliferative potential of cardiomyocytes in postnatal mice is under intense investigation. However, solely relying on immunostaining of proliferation markers, the long-term proliferation dynamics and potential of the cardiomyocytes cannot be readily addressed. Previously, we found that a p53 promoter-driving reporter predominantly marked the proliferating lineages in mice. Here, we established a p53-based genetic tracing system to investigate postnatal cardiomyocyte proliferation and heart regeneration. By selectively tracing proliferative cardiomyocytes, a differential pattern of clonal expansion in p53 + cardiac myocytes was revealed in neonatal, adolescent and adult stages. In addition, the percentage of p53 + lineage cardiomyocytes increased continuously in the first month. Furthermore, these cells rapidly responded to heart injury and greatly contributed to the replenished myocardium. Therefore, this study reveals complex proliferating dynamics in postnatal cardiomyocytes and heart repair, and provides a novel genetic tracing strategy for studying postnatal cardiac turnover and regeneration.
INTRODUCTION
Pathological cardiac insults, such as myocardial infarction, cause irreversible cardiac remolding, myocardial fibrosis and impaired heart function, eventually leading to heart failure. For a long time, mammalian hearts have been considered to be non-regenerative due to the lack of detectable cardiomyocyte proliferation and absence of cardiac stem cells. However, this concept is being re-evaluated since Frisén and colleagues showed convincing evidence of human postnatal cardiomyocyte turnover using C 14 enrichment quantification (Bergmann et al., 2009 . Moreover, Lee's group reported that pre-existing cardiomyocytes underwent cell division to maintain cardiac turnover throughout the lifetime in mice (Senyo et al., 2013) . The pioneering work performed by Sadek and Olson's groups in murine cardiac injury model showed that neonatal heart before postnatal day (P) 7 is able to regenerate completely after ventricular apex resection (Porrello et al., 2011) . Genetic fate mapping demonstrated that replenished cardiac tissue is derived from pre-existing cardiomyocytes. Transplantation studies with noncardiomyocytes cells, including cardiosphere-derived cells, bone marrow or stromal stem cells, also provided clues that endogenous cardiomyocyte proliferation could be activated by paracrine cytokines derived from grafted cells (Loffredo et al., 2011; Masuda et al., 2012) . Taken together, these studies have demonstrated that both cardiac turnover and regeneration involve proliferation of preexisting cardiomyocytes, indicating certain proliferative potential of postnatal cardiomyocytes (Laflamme and Murry, 2005) .
Recently, the proliferative ability of cardiomyocytes in preadolescent mice has sparked heated debate Naqvi et al., 2014; Soonpaa et al., 2015) . Naqvi and colleagues first reported a highly synchronized wave of cardiomyocyte proliferation between P14 and P15 during pre-adolescence, leading to a 40% increase of cardiomyocyte number (Naqvi et al., 2014) . This study, however, was quickly challenged by two subsequent investigations. Using similar and alternative approaches with more precise and rigorous measurements, such as bromodeoxyuridine (BrdU)-containing osmotic mini-pumps, and Ki-67 (Mki67 -Mouse Genome Informatics) and phospho-histone H3 (PHH3) immunostaining to quantify DNA synthesis or through designbased stereology to determine the cardiomyocyte number in mouse hearts, these two studies reported very subtle cardiomyocyte expansion after P11-12 Soonpaa et al., 2015) .
Most of these studies have been heavily dependent on immunostaining to detect cell proliferation [BrdU or ethynyl deoxyuridine (EdU) staining for DNA synthesis and Ki-67 or PHH3 staining for cell-cycle marker analysis]. These mostly transient assays do not allow measurement of the dynamic changes and lineage expansion of the proliferating cardiomyocytes over time, which is crucial for our understanding of their proliferative nature. Thus, a more convenient and robust methodology to investigate postnatal cardiomyocyte turnover in mice is urgently needed.
Early seminal findings have clearly established that p53 (Trp53 -Mouse Genome Informatics) mRNA expression and basal p53 expression were elevated by mitogen stimulation, fluctuated with cell cycle progression and were downregulated following differentiation (Dony et al., 1985; Reich and Levine, 1984) . These were followed by many studies identifying key regulatory factors responsible for such expression pattern including Myc, E2F1 and C/EBP-β (Boggs and Reisman, 2007; Choi et al., 2002; Reisman et al., 1993) . All these studies focused on the regulation of p53 mRNA and p53 basal expression; however, this layer of regulation is distinct from the control of p53 protein stability, which is regulated by stress signaling through post-translational modifications of both p53 and its negative regulator Mdm2, an E3 ubiquitin ligase (Haupt et al., 1997; Kubbutat et al., 1997) . Thus, under normal conditions, p53 protein is continuously degraded and kept at very low levels, despite its highly elevated mRNA expression in proliferative compartments of tissues. Upon stress, p53 is rapidly stabilized by removal of the negative regulation by Mdm2 and is able to activate downstream targets in the proliferating cells where its basal level is high. Currently, there is no evidence supporting a link between regulation of p53 basal level expression and stress.
These studies established the foundation for us to use the p53 promoter for cell proliferative analysis in mice and we observed that p53 expression closely reflects cellular proliferation as p53 mRNA expression essentially parallels cell cycle progression . Although the precise function of p53 transcription activity along with cell proliferation is not fully understood, it has been speculated that p53 mRNA might provide a pre-translational pool ready for rapid and efficient response to cell stresses in cell cycle (Bourougaa et al., 2010) . Accordingly, we generated a BAC transgenic mouse line containing a p53 promoter-driving reporter that displayed preferentially high reporter activity in the proliferating compartments during tissue homeostasis and regeneration , indicating that the p53 reporter could serve as a surrogate marker for cellular proliferation in vivo. Here, we introduced the Cre-ERT2 system under the control of p53 promoter in a similar BAC transgenic setting. By crossing with Rosa26-ACTB-tdTomato-EGFP (Rosa26-mTmG), we established an inducible genetic tracing system to investigate the dynamics, clonal ability and tissue contribution of proliferating cardiomyocytes during mouse postnatal heart growth and regeneration.
RESULTS
Establishment of a p53-based genetic lineage-tracing system to study postnatal cardiomyocyte proliferation
We and others observed active cardiomyocyte proliferation in the first few days after birth ( Fig. S1A-N) Senyo et al., 2013) . We also examined the number of nuclei in the neonatal BrdU + cardiomyocytes. Consistent with a recent report , we found only a very low percentage of BrdU + binucleated cardiomyocytes (Fig. S2A-D) , indicating that multinucleation was minor at this stage. Therefore, detection of Ki-67, a well-established nuclear marker for cell proliferation, can reveal cardiomyocyte cycling during this stage.
Our previous study indicates that the p53 reporter could serve as a surrogate marker for cell proliferation in murine tissues. Here, we applied this system to study cardiomyocyte proliferation in postnatal mice. For this purpose, we first compared the previously described p53-reporter expression ( p53-BAC-nLacZ) with that of Ki-67 in the heart of neonatal mice. Immunofluorescence (IF) staining revealed colocalization of Ki-67 and β-galactosidase (β-gal) in the cardiomyocytes of P2 mice (Fig. 1A-C) (Fig. 1D ). To confirm cytokinesis of β-gal + cardiomyocytes, we co-stained for aurora B (aurora kinase B) and the cardiomyocyte marker cTnT (Tnnt2) in neonatal p53-BAC-nLacZ cardiac tissues. The results indicated that p53 + cardiomyocytes were able to undergo cell division in vivo (Fig. 1E) . Moreover, the p53 + cardiomyocytes displayed cytomembrane localization of troponin proteins, which has been observed in cycling cardiomyocytes in both zebrafish and mouse models of heart regeneration ( Fig. S3) (Jopling et al., 2010; Porrello et al., 2011) .
In order to trace the proliferating cells genetically, we established BAC transgenic mice ( p53-Mer-Cre-Mer) by inserting a Mer-CreMer-p53 3′UTR cassette immediately after the first ATG of the BAC p53 gene followed by pronuclear microinjection of the BAC construct (Fig. 1F) . The p53-Mer-Cre-Mer mice were crossed with the Rosa26-mTmG mice to generate p53-Mer-Cre-Mer:Rosa26-mTmG (hereafter referred to as p53-mTmG) (no GFP expression was observed in these mice, data not shown). Injection of tamoxifen to these mice switched the expression of Tomato to GFP, thus permanently labeling the p53 transcriptionally active ( p53 + ) cells and their progeny. GFP expression was examined in the cardiomyocytes 24 h after a single administration of tamoxifen to P1 p53-mTmG neonates (Fig. 1G) (Fig. 1H ). In addition, the GFP + Ki-67 − cardiomyocytes were frequently identified adjacent to GFP + Ki-67 + cardiomyocytes in a two-to three-cell cluster, suggesting that they had recently exited the cell cycle (Fig. 1I) . These results demonstrated that p53-mTmG genetic lineage-tracing system could detect and trace neonatal cycling cardiomyocytes.
In addition, we characterized and quantified the GFP + noncardiomyocyte cells by cell-specific marker staining [CD31 (Pecam1) for endothelial cells and αSMA (Acta2) for vascular smooth muscle cells]. We found that a large number of endothelial cells were labeled by GFP, suggesting a robust continuous proliferating property (Fig. S4 ).
Clonal expansion of p53
+ cardiomyocytes in postnatal heart
To study the dynamics of cardiomyocyte proliferation in neonatal mice, a single pulse of a low dose of BrdU was administered to P1 mice and the heart sample was collected on P7 (Fig. S5A ). BrdU staining displayed frequent nuclear BrdU + clusters consisting of five to eight cardiomyocytes, indicating a pattern of clonal expansion (Fig. S5B ). To avoid dilution of labeling and the potential influence of the toxic effects of BrdU during long-term labeling, we aimed to trace the mitotic cardiomyocytes at single-cell resolution in p53-mTmG neonatal mice, by minimizing the dosage of a single injection of tamoxifen (10 ng/g body weight) ( Fig. 2A ). Single-cell labeling was confirmed by administration of tamoxifen to P3 or P7 mice and analyzing the hearts 1 day later ( Fig. 2A-C) . For cardiac myocyte clonal formation analysis, hearts were dissected 2 weeks after tamoxifen administration ( Fig. 2A) . GFP + cardiomyocyte clusters were clearly identified when the labeling was initiated in the neonatal mice (Fig. 2D,E) . Interestingly, clusters of GFP + cardiomyocytes were also observed in the hearts of pre-adolescent and adult mice using a similar strategy (Fig. 2F-L) . We quantified the size and number of these clusters in hearts from neonatal, preadolescent and adult stages. The ability of cardiomyocytes to multiply dropped only slightly between P3 and P7, then gradually decreased further at the pre-adolescent and adult stages (Fig. 2M,N) . Intriguingly, a few of the labeled cardiomyocytes seemed to be not only able to preserve their proliferating ability until adult stage, they also formed larger clusters if given longer tracing time (Fig. 2M,N) , suggesting their selectively long-lasting proliferative potential.
To confirm that the GFP + cardiomyocyte clusters are derived from single cells, we crossed the p53-Mer-Cre-Mer and Confetti mice to generate another tracing model ( p53-Confetti) based on the Brainbow 2.1 system. The Confetti (Brainbow 2.1) system is currently recognized as one of the optimal tools for clonal analysis in mice. Two weeks after a single tamoxifen injection to p53-Confetti mice at P3, we observed clonal cardiomyocyte patterns ( Fig. 2O ; Fig. S6 ). These results further demonstrated the clonal expansion of p53 + cardiomyocytes in postnatal mouse heart.
It was reported that cardiomyocytes under hypoxic conditions (Hif1α + population) at the neonatal stage display proliferative potential and form clones in vivo (Kimura et al., 2015) . These two lineages ( p53 + and Hif1α + ) display similar characteristics of proliferative potential and clonal expansion. Therefore, we investigated whether they were the same population. To test the Hif1α antibody, we first treated HEK293 cells with CoCl 2 ( positive control) and PBS (negative control) and collected these cells for Hif1α staining. The results were convincing and we then examined the Hif1α-positive cardiomyocytes in p53-mTmG neonatal cardiac tissues. We failed to detect double-positive cardiomyocytes (Hif1α + and GFP + ) (Fig. S7 ), suggesting that p53 + and Hif1α + are two distinct populations in postnatal mouse heart. In summary, by permanently labeling the once-proliferating cardiomyocytes, the new genetic tracing system has clearly demonstrated a lasting, albeit decreased cloning expansion property of the postnatal p53 + cardiomyocyte lineage from neonatal to adult stages.
Activation of the p53
+ cardiomyocyte pool by injury in neonatal mice
The clonal expansion property of p53 + lineage cardiomyocytes is suggestive of a strong proliferative ability, which could be evaluated by the accumulation and contribution of the p53 + cardiomyocyte lineage in mouse heart. For this purpose, two high doses of tamoxifen were consecutively administered to the p53-mTmG mice at P1 and P2 and the GFP + cells were traced up to one month of age. We found a continuous increase of GFP + cardiomyocyte contribution to the heart, amounting to at least 10% at one month of age (Fig. 3A, control group) . This result does indeed indicate a more potent cell proliferation of p53 + lineage cardiomyocytes. Injury activates cardiomyocyte proliferation to repair damaged myocardium in neonatal mice (Porrello et al., 2011) . We, therefore, studied the cell behavior of p53 + lineage cardiomyocytes in an injury model. Non-penetrating cryo-injury (CI) was induced in the left ventricle of neonatal mice that were capable to completely repair injured myocardium. A comprehensive anatomical and histological analysis confirmed successful construction of the injury model ( Fig. S8A-K) . Two pulses of high dose (200 µg/g body weight) tamoxifen were administrated to p53-mTmG mice at P1 and P2, followed by cryo-injury at P5 (Fig. 3A) . In the sham group, p53 + lineage cardiomyocytes displayed a similar pattern of accumulation as the control group (Fig. 3A) . In contrast, injury enormously activated p53 + lineage cardiomyocytes, and 1 week after the injury the percentage of these cells reached 12.5% in undamaged myocardium compared with 8% in the sham group (Fig. 3A) , and eventually to nearly 25% by one month (Fig. 3A) . Quantitative analysis of the cells in the injured area revealed that up to 70% of them were GFP + (Fig. 3B ). Due to indiscernible sarcomeric pattern, it was hard to quantify accurately the number of GFP + cardiomyocytes in the damaged area (Fig. S8K) . By morphological study, we considered that approximately 30% of the cardiomyocytes were GFP
Together, these results demonstrated that the p53 + neonatal cardiomyocytes represented potent proliferative ability and were activated by injury in neonatal mice.
p53
+ cardiomyocytes exhibit cytomembrane localization of cTnT in heart regeneration Previously, it was reported that cycling cardiomyocytes displayed cytomembrane localization of sarcomeric proteins, such as cTnT, in regenerating murine and fish hearts (Jopling et al., 2010; Porrello et al., 2011) . We observed this phenomenon in p53 + cardiomyocytes at the neonatal stage and wondered whether p53 + cardiomyocytes showed a similar pattern of troponin proteins in cryo-injured heart. Indeed, we observed many cardiomyocytes with cytomembrane localization of cTnT in whole ventricular sections from cryo-injured heart but not from the sham group at P35 (Fig. 4A-H) . This suggested that these GFP + cardiomyocytes were activated to enter proliferative status. Cytoskeletal disorganization of cardiomyocytes is considered essential for re-entering the cell cycle. cTnT interacts with actin and tropomyosin, which is involved in myosin contraction in muscular cells. To test whether cytomembrane localization of cTnT in p53 + cardiomyocytes results from disorganization of the cytoskeleton, we co-stained cTnT and α-actinin in neonatal cardiomyocytes. The results revealed cytomembrane localization of cTnT in cardiomyocytes with intact α-actinin forming sarcomere, suggesting that cytomembrane localization of cTnT is independent from cytoskeletal disorganization (Fig. 4I-K) .
Primary contribution of p53
+ lineage cardiomyocyte to heart regeneration in neonatal mice
In our cryo-injury model, the majority of fibrotic scars were replenished with functional cardiomyocytes within one month (Fig. S9A-C) . De novo coronary arteriogenesis, a sign of regeneration, was observed in the repaired myocardium (Fig. S9B,C) . Histological study revealed many more GFP + cardiomyocytes in the repaired myocardium compared with the myocardium in the sham group (Fig. 5A-D) . A more detailed quantitative analysis of different areas in the myocardium of repaired heart [de novo left ventricle (dnLV), ventricular septum (VS) and right ventricle (RV)] indicated that 35.53±1.63% cardiomyocytes in the dnLV were GFP + (Fig. 5E ), compared with that of other regions (20% for RV and 15% for VS) (Fig. 5E ). In addition, a large number of GFP + cardiomyocytes in the dnLV displayed a clonal pattern (Fig. 5F,G) .
To verify further the contribution of the p53 + cardiomyocyte lineage in heart regeneration, we traced this lineage in another two types of cardiac damage models: apex resection and left coronary artery ligation (LCAL) (Fig. 6A-G) . Neonatal mice were administered with a single pulse of tamoxifen at a dosage of 100 µg/g body weight at P1 and surgeries (apex resection and LCAL) were performed at P5 using a simple and convenient method as previously described (Fig. 6H) (Mahmoud et al., 2014) . Histological analysis confirmed the success of these surgeries (Fig. 6B-G) . To evaluate the contribution of the p53 + cardiomyocyte lineage in cardiac repair, we harvested the hearts and quantified the percentage of GFP + cardiomyocytes in the ventricles. Similar to the results for the cryo-injury model, we observed significantly increased GFP + cardiomyocytes in both groups of damaged hearts (Fig. 6I,J) .
Collectively, these results demonstrated that p53 + lineage cardiomyocytes primarily contributed to heart regeneration.
DISCUSSION
Previous studies, based on Levine and others' observations (Harris et al., 2005; Vousden and Lane, 2007) , indicated a preferential expression of p53 mRNA in the proliferating cellular compartment of various tissues in mice . In this study, we reported the establishment of a novel p53-based lineage-tracing system that faithfully recorded and traced cardiomyocyte proliferation in postnatal mice. Compared with the popular transient labeling techniques for cell proliferation analysis, such as Ki-67 and PHH3 staining, our p53-reporter lineage-tracing system demonstrated better sensitivity and accuracy. For instance, either Ki-67 or PHH3 staining cannot distinguish cardiomyocyte multinucleation and polyploidization in pre-adolescent heart. Besides, it is rather hard to label cycling cardiomyocytes in adult heart with these two techniques due to extremely low cycling rate. Although BrdU labeling can distinguish cardiomyocyte mitosis from multinucleation and nuclear polyploidization, it cannot follow cellular behavior of specific lineages over a long term. By contrast, our p53-reporter lineagetracing system has the advantage of being able to permanently label the ever-proliferative cardiomyocytes and follow their fate, expansion property and contribution in the whole tissue, thus allowing a thorough evaluation of the proliferating dynamics.
Hence, our p53-based lineage-tracing system can complement the existing methodologies to better follow up and document the cellular behavior and events of postnatal mitotic cardiomyocytes, even at single-cell resolution. Using this system, we demonstrated a lasting clonal expansion property of postnatal cardiomyocytes and documented the robust response of p53 + lineage cardiomyocytes to injury.
This study revealed that the contribution of GFP + cardiomyocytes was continuously increased after birth. Furthermore, some p53 + cardiomyocytes were able to maintain the clone-forming activity well into the adult stage. These results uncovered a frequent re-entry into cell cycle of the p53 + lineage, suggesting more potent proliferative ability of this lineage and proliferative heterogeneity of cardiomyocytes in mice. This kind of proliferative heterogeneity of cardiomyocytes was discovered in newts and zebrafish (Bettencourt-Dias et al., 2003; Kikuchi et al., 2010) . Our results implicate that this phenomenon is conserved in mammalian heart. Consistent with the attenuated clonal expansion properties of cardiomyocytes at P14-15, genetic tracing also revealed only a moderate increase of GFP + cells in the myocardium of the heart between P12 and P30, thus not supporting a proliferation burst at the pre-adolescent stage in mice (Naqvi et al., 2014) .
This study also demonstrated a robust response of the p53 + cardiomyocyte lineage to injury. By one month after injury, the representation of p53 + lineage cardiomyocytes reached nearly onequarter in the myocardium. The representation was even higher (∼40%) in the de novo-formed myocardium. Thus, p53 + cells are a major source for heart regeneration in these cardiac injury models. The proliferative heterogeneity of cardiomyocytes was clearly observed in the process of heart repair, pinpointing the significance of the phenomenon.
The limitation of the p53 genetic tracing system is that its labeling of proliferative cells is not cell specific. In cardiac tissue, it marks all proliferating cells including cardiomyocytes, endothelial cells, fibroblasts and vascular smooth muscle cells. However, it is practically feasible to discern these cell types through a combination analysis of cell-specific markers and morphology. On the other hand, our approach cannot define the cellular origin of the new cardiomyocytes contributing to heart repair.
In summary, the present study has demonstrated the identification of a specific cardiomyocyte lineage contributing to neonatal murine heart growth and regeneration. It also provides a novel genetic tracing strategy for studying postnatal cardiac turnover and repair.
MATERIALS AND METHODS
Generation of p53-Mer-Cre-Mer BAC transgenic mouse
The experimental animal facility has been accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC), and the Institutional Animal Care and Use Committee (IACUC) of the Model Animal Research Center of Nanjing University approved all animal protocols used in this study.
An ERT2CreERT2-IRES-EGFP cassette followed by p53 3′UTR-SV40 poly A cassette was inserted into p53 BAC (No.bMQ-441J16) at the ATG codon in the second exon of p53 gene via recombination. The loxp and loxp511 sites in the BAC backbone were replaced by Amp and Kan expression cassette. The final BAC was purified by Nucleo Bond R max100 BAC extraction kit (MACHERERY-NAGEL), and was then verified by sequencing and restriction enzyme mapping. To generate the BAC transgenic founders, 1.0 ng/µl of the purified BAC in microinjection buffer was injected. These founders were first screened by long-fragment PCR to ensure the integrity of the BAC copy in these mice. The desired founders were then bred with Rosa26-LacZ reporter mice to have the germline transmission. The expression pattern of the Cre recombinase in these BAC transgenic mice was verified by X-gal staining upon tamoxifen injection. Primer sequences for genotyping were as follows: Cre: 5′-GC-GGTCTGGCAGTAAAAACTATC-3′ and 5′-GTGAAACAGCATTGCT-GTCACTT-3′; Rosa-mT/mG: 5′CTCTGCTGCCTCCTGGCTTCT-3′, 5′ CGAGGCGGATCACAAGCAATA-3′ and 5′-TCAATGGGCGGGGGT-CGTT-3′.
Heart mass analysis
Hearts were dissected and were immersed into Ca 2+ /Mg 2+ -free PBS for 10 min. Cleaned hearts were fixed with 4% paraformaldehyde for 2 h and then cut in two halves along the ventricular septum. The two parts were immersed into a 2 ml Eppendorf tube with 1 ml PBS. For semi-quantitative analysis of heart mass, distilled water was carefully added into another 2 ml centrifugal tube with 1 ml water until the fluid levels in both tubes were indistinguishable. The volume of added water is equivalent to the mass of myocardium. Three hearts were measured for each group.
Histology
Heart samples were fixed in 4% paraformaldehyde overnight at room temperature. Afterwards, the heart samples were dehydrated through immersion into 35%, 50%, 75%, 85% and 95% ethanol each for 30 min. Then the heart samples were transferred into 100% ethanol for 1 h twice. After dehydration, heart samples were immersed in xylene at room temperature for 5-20 min, depending on sample mass, and were then transferred into fresh paraffin at 65°C for 60 min three times before paraffin embedding. Sections were processed for Hematoxylin and Eosin staining. Masson's trichrome staining was performed as previously reported (Di et al., 2012) .
Immunofluorescence (IF) staining
IF staining was performed on paraffin, frozen or fresh sections. For the paraffin sections, antigen retrieval was performed for 30 min in sodium citrate buffer. Slides were rinsed three times in TBS with 0.05% Triton X-100 (TBST) and blocked in 10% goat serum for 1 h at room temperature followed by three 5 min rinses in TBST. Sections were incubated overnight at 4°C with primary antibodies against troponin T (1:200, mouse monoclonal, NeoMarker, MS-295-P0), α-actinin (1:200, rabbit polyclonal, clone H-300, Santa Cruz, sc-15335), Ki-67 (1:200, mouse monoclonal, clone MIB-1, DakoCytomation, M724901), β-gal (1:50, Abcam, ab9361), Aurora B (1:500, Abcam, ab2254), Hif1 alpha (1:50, Novus, NB100-105) and BrdU (1:200, rat monoclonal, BU1/75, AbD Serotec, MCA2060). The following day, sections were washed in TBST four times (5 min each wash) and incubated with anti-mouse, -rat, -rabbit, -goat and -chicken secondary antibodies conjugated to Alexa Fluor 488 or Cy3 (all from Jackson Immunoresearch, 1:500, goat anti-mouse Alexa Fluor 488, for 2 h at room temperature. After incubation, slides were rinsed three times (10 min each) in TBST and mounted in 50% triglyceride.
For wheat germ agglutinin (WGA) staining, slides were deparaffinized, rinsed three times in PBS and then incubated for 1 h at room temperature with primary antibody against WGA conjugated to Alexa Fluor 594 (50 μg/ml, Invitrogen) in PBS. Slides were then rinsed three times in PBS, stained with DAPI and mounted in 50% triglyceride.
For the frozen sections, samples were usually fixed in 4°C for 2 h. The cardiac tissues for β-gal staining were fixed on ice for 4 h to prevent β-gal degeneration. Fixed tissues were transferred to 30% sucrose with 0.1% sodium azide (NaN 3 ) for sedimentation. Once samples were on the bottom of centrifugal tubes, they were transferred into frozen section medium (Thermo Scientific Pink Neg-50 No. 6502P) and the medium was quickly frozen in liquid nitrogen for several seconds. All frozen embedded samples were stored at −80°C and 10-μm-thick sections were prepared for IF staining or imaging with confocal laser microscopy just before use. Frozen tissues were rinsed in TBST for 1 min five times and blocked with 10% goat serum for 1 h in room temperature. Afterwards, samples were incubated in primary antibody solution against β-gal, cTnT and α-actinin at 4°C overnight. The secondary antibody system was the same as for the paraffin wax-embedded sections.
For the fresh sections, samples were embedded in 12% low melting point agarose gel and sliced (50 μm) using vibratome for IF staining. Antibody treatment is similar to frozen sections. Z-stack imaging (over 30μm) is performed to study the binucleated cardiomyocytes in neonatal mouse heart.
BrdU incorporation
Bromodeoxyuridine (BrdU, Sigma) was administered to mice by intraperitoneal injection (1 mg per 10 g body weight). Heart samples were dissected and fixed in 4% paraformaldehyde, then further processed for IF staining as described above.
Computer-assisted analysis of binucleated cardiomyocytes
Fresh ventricular tissues were sectioned (50 µm) with a vibratome on both transverse and coronal planes. Sections were stained with WGA and DAPI for labeling cell membrane and nuclei, respectively. In each section, only the cardiomyocytes with myofibril orientation parallel to the longitudinal plane were counted. The region of interest (ROI) was marked crossing ten cardiomyocytes in each section and signal curves of both WGA and DAPI were recorded automatically following z-stack scanning. The dynamic signal curves and image animations were analyzed for binucleation identification. The data from ten sections of one heart at multiple anatomical positions were defined as a group of values of a single sample. Each group consisted of five samples for statistical analysis.
Genetic cell lineage tracing
p53-Mer-Cre-Mer BAC transgenic mice were crossed with Rosa26-ACTBtdTomato-EGFP (Rosa26-mTmG, from the Jackson Laboratory, Stock No. 023035) mice to generate a tamoxifen-inducible p53 genetic lineage-tracing system ( p53-mTmG mice). Tamoxifen dissolved in sesame oil (Sigma) was injected into stomachs of neonatal mice (from newborns to P5). For mice older than P5, tamoxifen was administrated intraperitoneally. For lineage mapping during cardiac regeneration, tamoxifen was administered to neonates from P1 to P3 with a dosage of 200 µg/g/day for maximal labeling of proliferating cardiomyocytes. The hearts were harvested for IF imaging. For single-cell tracing, the working concentration of one/two-pulses of tamoxifen was diluted to 20 µg/g for minimal labeling. Heart samples were harvested for IF imaging.
Imaging and tile-scan imaging IF images were captured with a Leica SP5 confocal laser microscope. For photon quantification, images were recorded with HyD detector in SP5. To measure protein enrichment in single cells or subcellular fractions, ROI was applied for zone selection and matrix pattern of quantification was exported with protogenous Leica software. For high-resolution images of the transverse plane of the ventricle, tile-scan imaging was performed by joining hundreds of fields of view (FOV) of a 40× field lens. Each tile-scan image can be amplified to cellular resolution.
Cryo-injury (CI) surgery
Cryo-injury surgery was performed in neonates. The mice were first anesthetized by cooling on ice. The skin was sterilized with 75% ethanol, followed by lateral thoracotomy at the fourth intercostal space to expose the left ventricle, as previously reported (Porrello et al., 2011) . A pre-cold sterile stainless steel tool in liquid nitrogen was taken out for 10 s and then touched the surface of the exposed left ventricle chamber for 5 s. Following CI, the intercostal muscles rebounded and the chest was closed. Cut skin was conglutinated with medical adhesive. After surgery, all neonates were isolated from maternal mice for half a day. The entire surgery procedure was usually accomplished within 5 min and 95% neonates survived. In the following 24 h, the operated neonates showed less movement than the shamoperated mice. However, they were indistinguishable from the sham mice at later stages of regeneration. Carprofen (4.5 μg/kg) was administered to surviving mice for analgesia.
Apex resection and left coronary artery (LCA) ligation
In this new method of myocardial infarction induction, mice were anesthetized with 2% isoflurane with an isoflurane inhalation delivery system (Viking Medical, Medford, NJ, USA) but not ventilated. Before perfecting this surgical model, we recommend using ventilation in mice until the surgeon can routinely perform the LCA ligation in 3 min. A small skin cut (1.2 cm) was made over the left chest, and a purse suture was made as shown in Fig. 1A -C. After dissection and retraction of the pectoral major and minor muscle, the fourth intercostal space was exposed. A small hole was made at the fourth intercostal space with a mosquito clamp to open the pleural membrane and pericardium. With the clamp slightly open, the heart was smoothly and gently 'popped out' through the hole. The LCA was located, sutured and ligated at a site 3 mm from its origin using a 6-0 silk suture. The ligation was deemed successful when the anterior wall of the LV turned pale. After ligation, the heart was immediately placed back into the intrathoracic space followed by manual evacuation of air and closure of muscle and the skin, by means of the previously placed purse-string suture. The mouse was then allowed to breathe room air and monitored during the recovery period, which was generally complete within 3-5 min. No artificial respiratory aid was required during the recovery time. The sham group underwent the same surgical procedure except that the LCA was not occluded.
Statistical analysis
Results are presented as mean±s.e.m. Statistical analyses were performed using GraphPad Prism 6.0. For comparisons between two groups, statistical significance was determined using an unpaired two-tailed Student's t-test. For comparisons of multiple groups, one-way ANOVA followed by Tukey's multiple-comparison test was carried out. A value of P<0.05 (*) was considered statistically significant and P<0.01 (**) as well as P<0.005 (***) was considered statistically very significant.
